Tool geometric parameters have a huge impact on tool wear. Up to now, there are only a few researches on tool geometric parameters and optimization, and the single objective function of parameter optimization used by researchers during high-speed machining (HSM) mainly is the minimum cutting force. However, the elevated cutting temperature also greatly affects tool wear due to the numerous cutting heat generation. Thus, to reduce tool wear, it is the most fundamental approach to taking into account the comprehensive control of the cutting force and cutting temperature because they are the two most important physical quantities in metal cutting processes. This work proposes a new optimization idea of the cutting-tool's multi geometric parameters (three main parameters: rake angle, clearance angle, and cutting edge radius) with two objective functions (the cutting force and the temperature). Based on the response surface method (RSM), we have established the modified functional relation models of the influence of tool geometric parameters on the cutting force and temperature according to the finite element simulation results in high-speed cutting of Ti6Al4V. Then the models are solved by using a genetic algorithm, and the optimal tool geometric parameters values that can concurrently control the two objectives in their minimum values are obtained. The advantages lie in the strategy of the separate models of the cutting force and cutting temperature owing to their different dimensions and the solution of the models through giving the cutting force and cutting temperature different weight coefficients. The optimal results are verified by experiments, which shows that the optimal tool geometric parameters are very effective and vital for ensuring both the cutting force and the cutting temperature not too high. This work is of great significance to the cutting tool design theory and its manufacturing for reducing tool wear.
Introduction
In a metal cutting process, a cutting tool is the most direct factor affecting the cutting process. The cutting force, cutting heat, tool life, and surface quality of the workpiece are closely related to the tool geometric parameters. Ai et al. [1] pointed out that the tool geometric parameters have a tremendous influence on the tool durability. Denkena and Biermann [2] believed that tool life and performance are decisively determined by cutting edge geometry. On the premise of some fixed factors such as machine tools, cutting tool material, workpiece material, and cutting parameters, tool geometric parameters will influence the cutting performance of the cutting tool, prolong tool life, and greatly improve productivity.
Up to now, there are only a few researches on tool geometric parameters and optimization of high-speed machining (HSM), and the single objective function of parameter optimization for reducing tool wear used by researchers mainly is the minimum cutting force. Lo [3] conducted cutting simulations under different tool rake angles to explore the effect of the tool rake angle on cutting force in machining of oxygen-free high conductivity copper (OFHC). The findings indicate that an increase in the tool rake angle leads to a decrease in the cutting force and the cutting-force reduction is most evident as the rake angle increases from 10°to 15°. Wyen and Wegener [4] investigated the influence of the cutting edge radius on cutting forces in machining titanium, and the results show that the cutting force components increase with the increase of rounded cutting edges.
However, tool geometry involves more than one, such as other basic and important tool angles including the rake angle and clearance angle, so we need to further deal with cutting-tool's multi parameter problems. Saglam et al. [5] studied the effect of rake angle and approaching angle (main cutting edge angle) on the main cutting force and tool tip temperature while machining AISI 1040 steel hardened at HRC 40 and found that the optimum approaching angle is 75°and the rake angle is 12°by considering the cutting force and temperature together. This conclusion is meaningful and referable for the research of metal cutting principle, but since the cutting process is quite complicated, the absence of the clearance angle will significantly affect the magnitudes of the cutting force and cutting zone temperature. It is necessary to explore the comprehensive influence of tool's multi geometric parameters on the cutting force and temperature in the cutting process. Sultan and Okafor [6] investigated the effects of four geometric parameters (the wavelength, wave magnitude, axial shift of the linear part, and the helix angle of the wavy cutting edges) of wavy-edge bull-nose helical end-mill (WEBNHE) on cutting force prediction in endmilling. As far as the helix angle of the cutting edge is concerned, the result shows that increasing the helix angle of the wavy cutting edges of the WEBNHE from 25°to 30°will decrease the magnitudes and ranges of the cutting force components F y (in the feed direction) and F x (radial direction) and the resultant cutting force F R , but does not affect the cutting force component Fz (axial direction) significantly. And increasing the helix angle from 30°to 35°will not significantly affect any cutting force components. This indicates that the helix angle has an optimal value that needs further study. It was found by Kountanya et al. [7] that edge radius did not alter the chip geometry during hard turning of 100Cr6 (HRC60) but machining forces decreased with the increase of cutting speed and chip formation frequency. Bouzakis et al. [8] obtained that a cutting performance in milling Inconel 718 and Ti6Al4V is improved by increasing the wedge radius because of a significant cutting edge load reduction. However, it is expected to give more attention and further study on the effect of edge rounding on the cutting processes.
In respect of the tool geometric parameter optimization, Pan et al. [9] studied on the optimization of one tool geometric parameter (helix angle of end milling tool) and cutting parameters (axial and radial depth of cut) for high-speed milling aviation aluminum alloy with minimum cutting force as a single objective function. This work depicted that when axial and radial depth of cut were in the ranges of 5-7 mm and 3-5 mm, respectively, the helix angle of end milling tool between 35°and 40°could acquire a minimum cutting force. Wan et al. [10] studied the working mechanism of peripheral milling tool's helix angle on peak cutting force through strict analytical formulation. The conclusion is that the optimal helix angle corresponding to the minimum peak cutting force can be designed according to the axial depth of cut, the number of flutes, and the diameter of the milling cutter. Mia et al. [11] explored the optimization of the minimum quantity lubrication (MQL) flow rate for the minimum cutting force and surface roughness in end milling of hardened steel (HRC40), and the grey-based Taguchi method suggested that a flow rate of 150 ml/h ensures the minimum cutting force and surface roughness. But the complex relation between the cutting force and the surface roughness is yet hardly defined and the attention needs to be paid by researchers in a future work.
It is noteworthy that in a high-speed machining process, when the cutting force is the minimum, the tool wear degree is not necessarily in direct proportion to it. Narutaki [12] investigated the change rule of cutting temperature and cutting force in the turning of the titanium alloy Ti6Al4V in the speed range of 20-200 m/min. It is found that at this range the change of cutting force is not significant with the increase of the cutting speed, but the cutting temperature is very high and even exceeds 1000°C at the speed of 200 m/min. This indicates that the cutting temperature is the main reason of cutting tool wear.
A considerable research effort has been made on the cutting temperature in metal cutting. Abukhshim et al. [13] stated that high cutting temperatures strongly influence tool wear and contribute to the thermal deformation of the cutting tool. Jiang et al. [14] hold that cutting temperature is a key factor which directly affects tool wear, so they conducted the analytical modeling of tool and workpiece temperatures and experimental investigation in the interrupted cutting of 1045 steel. The results showed that there exists a critical cutting speed for the workpiece temperature and tool insert temperature, respectively, and the peak temperature of the workpiece appears at 1500 m/min, while the peak tool insert temperature appears at 1250 m/min approximately. Xie et al. [15] experimentally studied the cutting temperature and cutting force in dry turning of titanium alloy using tools with microgrooves on the rake face, and it is shown that microgrooves on the tool rake surface contribute to the decrease of cutting temperature by 103°C and more against a traditional plane tool. And the 25 μm depth microgrooved tool decreases cutting temperature and cutting force more greatly in larger material removal rate of turning.
Shaw [16] presented (1) of the cutting temperature as follows:
where E c is the specific cutting energy; v is the cutting speed; d is uncut chip thickness; and λ, ρ, and c are the thermal conductivity, density, and specific heat of the workpiece material, respectively. Since both the density ρ and thermal conductivity λ of Ti6Al4V material are much smaller among the metallic materials, ρ = 4.43 g/cm 3 (by contrast, the density of iron is 7.87 g/cm . This means that the cutting temperature in machining of Ti6Al4V can be very high. Therefore, the cutting temperature is an indispensible aspect when we study the cutting process of titanium alloy Ti6Al4V.
Complexity
From the above literature, we know that the cutting force and the cutting temperature are two important physical quantities which are independent and interact with each other. The cutting force directly affects the generation of the cutting heat, and in turn, the cutting heat affects the cutting temperature. When the cutting temperature is high, the thermal softening of the workpiece material will occur and the cutting force will decrease. Meanwhile, tool materials may diffuse to the workpiece, which will cause chemical wear of the tool and shorten the tool life. Thus, to prolong the tool life in highspeed machining of difficult-to-cut materials, only the cutting force and the cutting temperature are considered together and control both within their optimum values, respectively, can the cutting ability of the cutting tool be ensured.
Therefore, the purpose of this work is to study the multiobjective optimization of cutting-tool's multi geometric parameters (rake angle, clearance angle, and cutting edge radius of cutting tool) in high-speed machining of Ti6Al4V. Taking cutting force and cutting temperature as multiobjective functions, functional relations of the influence of tool geometric parameters on the cutting force and cutting temperature using response surface method (RSM) are established based on finite element (FE) simulation results of high-speed cutting of Ti6Al4V under different levels of cutting tool geometric parameters. Then the optimized tool geometric parameters are calculated, such that both the cutting force and temperature are concurrently controlled.
FE Simulation of High-Speed Cutting of Ti6Al4V
During the cutting process, the workpiece material undergoes severe plastic deformation, and the process is characterized by "three highs," that is, a high temperature which results in thermal softening of the material and high strain and high strain rate which cause the material hardening. Hence, it is a process with a thermal-mechanical coupling effect. The twodimensional orthogonal cutting model that considers this effect is established by using professional cutting simulation software AdvantEdge, illustrated in Figure 1 . The workpiece is a rectangle, which is 5 mm in length and 2 mm in width, and the workpiece is set as a deformable body. For the cutting tool, we only focus on its force and the heat situation without considering the deformation, so it is assumed to be a rigid body. The adaptive triangular mesh element is used. In the cutting process, the workpiece is fixed and the cutting tool moves horizontally from the right to the left. Since Johnson-Cook (J-C) empirical constitutive model takes into account the work hardening, strain rate hardening, and thermal softening of the workpiece material during highspeed cutting, J-C failure model can be used not only as the chip separation criterion but also as its fracture model. Therefore, the J-C material constitutive model and J-C failure model are adopted, which are represented in (2) and (3), respectively.
where σ is the flow stress, ε pl the equivalent plastic strain; ε pl the equivalent plastic strain rate (s −1 ), and ε 0 the reference plastic strain rate (s −1 ). Coefficient A (MPa) is the yield strength, B (MPa) the hardening modulus, C the strain rate sensitivity coefficient, n the hardening coefficient, and m the thermal softening coefficient. T (°C) is the work temperature, T melt is the melting temperature of the work material, and T 0 (20°C) is the room temperature.
where ε pl f is the failure plastic strain for damage initiation, d 1~d5 are failure parameters which can be determined by experiments, σ n is the pressure stress, σ Mise is the Mises stress, and ε pl and ε 0 are defined above in (2).
The parameters of the J-C constitutive model and failure model for Ti6Al4V are listed in Table 1 (Lee and Lin [17] ) and Table 2 Table 2 : J-C failure parameters for Ti6Al4V [18] . The friction coefficient μ between the tool and the workpiece is taken as μ = 0 45, which is obtained by calculations; the initial temperature of the cutting system is set as 20°C.
Scheme of Orthogonal Cutting Simulations.
To study the influence of tool geometric parameters on the cutting force and cutting temperature, tool geometric parameters should be variables, and the three factor-five level orthogonal experimental scheme is designed, as presented in Table 3 . The cutting speed v c and the feed rate f are fixed values: v c = 122.5 m/min and f = 0.085 mm/rev, respectively. They are the maximum speed and the maximum feed rate that the cutting tool has cutting ability according to the corresponding specifications of the lathe used in the experiments (see Section 5).
FE Simulation Results of the Chip Shape and Cutting
Force. Table 4 presents the orthogonal array of tool geometric parameters based on the experimental conditions in Table 3 by using Taguchi's method, because it is difficult to graphically display the variation trend of multiobjectives with the concurrent changes of three parameters. Therefore, we study the influence laws of the single parameter on single objective first and then combine them to describe the complex relations with mathematical models.
In Table 4 , F x is simulated main cutting force; F y simulated thrust force; F simulated total cutting force;F predicted cutting force by the optimization model; ε F cutting force prediction error; T simulated cutting temperature;T predicted cutting temperature by the optimization model; ε T cutting temperature prediction error.
During high-speed machining of Ti6Al4V, serrated chips are always obtained under various different cutting conditions, and all finite element simulations show that when two of tool geometric parameters keep unchanged, the variation trends of cutting forces and cutting temperatures are almost the same with the change of the remaining one. Therefore, we give only one typical case of all simulation results, shown in Figures 2, 3, 4 , 5, and 6, respectively. Figures 2-4 show the simulated chip shapes at different geometric parameters. The simulated cutting forces in a steady state are listed in Table 4 .
As can be seen from Figure 2 , the serrated degrees of the chip vary significantly with the change of the rake angle, and the small rake angle will increase the serrated degree. It can be seen from Figure 3 that when other conditions keep unchanged (γ o = 10°, r ε = 0.07 mm), the chip shapes have a little change at different clearance angles. Figure 4 shows that the larger the cutting edge radius is, the more obvious the saw-tooth phenomenon is. The saw-tooth chip will result in high-frequency periodic vibration of the machine tools, hence cause cutting force change periodically. As a result, the tool wear increases. Figure 5 illustrates the change trend of cutting forces at different tool geometric parameters under single factor condition (one parameter varies, and the others remain unchanged). Figure 5(a) shows that main cutting force F x , thrust force F y , and total cutting force F have the same decrease trend with the increase of the rake angle γ o . This is because the tooltip becomes sharp and the cutting becomes easy when γ o increases. Also, the total force has a linear relationship with γ o . It can be seen from Figure 5 (b) that the main cutting force F x has no obvious change when the clearance angle α o increases from 2°to 10°and the thrust force F y is greatly influenced by α o . With the increase of α o , F y decreases obviously. The total cutting force F varies slowly with the increase of α o , and there is a linear relationship between them. The role of the cutting edge radius is to increase the strength of the tooltip that is directly involved in cutting. Figure 5 (c) shows that F x , F y , and F increase with the increase of the cutting edge radius r ε and F y is the most affected by r ε . It can be seen that F basically has a quadratic relation with r ε .
FE Simulation
Results of the Cutting Temperature. The cutting tool directly cuts the material, and its geometric parameters are the important factors that affect the cutting temperature. The simulated average cutting temperature results at a steady state are presented in Table 4 . Figure 7 shows the temperature field distributions at a given cutting condition (γ o = 15°, α o = 10°, and r ε = 0.07 mm). From Figure 7 , we can see that the highest cutting temperature is distributed near the tooltip.
Figures 6(a)-6(c) show the simulated cutting temperatures at different geometric parameters under a single factor condition.
From Figure 6 (a), we can see that the temperatures of the chip and the machined surface decrease with the increase of the tool rake angle. This is because during the cutting process, the increase of the tool rake angle makes the cutting tool sharp and the metal deformation of the cutting layer decreases; thus, the heat generation reduces. In Figure 6 (b), the temperatures decrease as the clearance angle increases. This is because the increase of the tool clearance angle can reduce the contact length between the tool flank and the machined surface, and the contact friction becomes small and the corresponding heat generation goes down. However, when the tool clearance angle increases to a certain degree (α o > 6°), the influence of the contact length will weaken. Figure 6 (c) shows the temperatures increase with the increase of the cutting edge radius. This is directly related to the blunt cutting edge, which causes the increase of heat generation. It can also be seen that when r ε > 0.1 mm, the temperature curves become flat and even show a declining trend, which is due to the increase of the heat dissipation volume of the tool tip or the improved heat dissipation condition in the cutting zone.
The Establishment of Mathematical Model for Tool Geometric Parameter Optimization
In metal cutting simulation, the flow stress behavior of the workpiece material in the cutting region and the friction at the tool-chip interface are the two main factors, which are described by Childs et al. [19] and Ozel [20] ; among these, the constitutive parameters of the workpiece material have been determined by experiments (Table 1) , and the friction coefficient at the tool-chip interface is derived through our previous study related to this work by using FE analysis and experiments. Therefore, we can preliminarily believe that to a certain degree the above FE modeling and analysis results in this work are correct.
(To reduce the experiments and the cutting tool sharpening, the verification experiments of the FE model will be 
igure 2: Chip shapes at different rake angles (α o = 6°, r ε = 0.07 mm).
5 Complexity carried out after the optimal tool geometric parameters are obtained.)
Based on simulated cutting force and cutting temperature results, we use the response surface method (RSM) to establish the mathematical model of tool geometric optimization.
Response Surface Method (RSM).
The RSM is a statistical data processing method based on experimental design and a number of experimental data, which uses multivariable linear or quadratic regression equations to fit the functional relationship between the response and 
where β o is a constant, β i are linear term coefficients, β ii are the quadratic term coefficients, β ij are the interaction term coefficients, and ε y is the fitting error. The undetermined coefficients β 0 , β 1 , … , β n can be determined by using formula (5) based on the observed experimental data x 11 , x 21 , … , x n1 , y 1 , … , x 1k , x 2k , … , x nk , y k , and
where,
The Establishment of Mathematical Model of Cutting
Force and Cutting Temperature. From the analysis of Figure 5 , it can be seen that the relationship between the tool rake angle and the cutting force can perform linear fitting, the clearance angle has the same linear relation with the cutting force, and the cutting edge radius and the cutting force can be fitted in quadratic relation. Based on the analysis of Figure 6 , the influence of the rake angle 7 Complexity on temperatures has obvious linear characteristics, and the temperatures roughly display the parabolic shape with the change of the clearance angle and the cutting edge radius. Therefore, when establishing the mathematical model of cutting temperature, the rake angle should be kept linear terms, and the clearance angle and cutting edge radius should be kept quadratic terms. Thus, when the secondorder RSM is used to establish the mathematical model of the cutting force and the cutting temperature, the matrix x in formula (6) should be modified, as shown in formulas (7) and (8), respectively.
According to the orthogonal test scheme of three factor-five level in Table 4 , there are three independent experimental factors (γ o , α o , and r ε ), so substituting n = 3 into formula (4), let By replacing the responseŷ in formula (4) with the cutting forceF and the cutting temperatureT, the mathematical models between the two responses and tool geometric parameters (γ o , α o , and r ε ) can be obtained, respectively, as presented in
The expressions of 25 groups of cutting forces and temperatures can be obtained by putting 25 groups of orthogonal simulated data in Table 4 into formula (10) . Therefore, the four expressions of the column vectors can be written asF
Combining formulas (7) and (8) with (5), matrices are computed with MATLAB programming, and the least square By substituting the two coefficient matrices into formula (10), the mathematical models of the cutting force and the cutting temperature are obtained when tool geometric parameters (γ o , α o , and r ε ) are within the range of the values in Table 4 .
The prediction results of cutting force and cutting temperature using formula (13) are listed in Table 4 . We can see that the prediction results have good agreement with the simulated results when 0°< γ o < 20°, 2°< a o < 10°, and 0.01 mm < r e < 0.13 mm. The average prediction errors of the cutting force and the cutting temperature are 2.77% and 4.86%, respectively.
Optimization of Tool Geometric Parameters Using Genetic Algorithm
The genetic optimization algorithm is used for randomly searching the optimal solution of the objective function by referring natural genetic and selection mechanism in the restricted area. After generating the initial population, according to the principle of "survival of the fittest," successive generations evolve to produce a better improved approximate solution. In each generation, the individual is selected according to the individual fitness in the problem domain, and the population representing the new solution set is produced by implementing the crossover and mutation of the genetic operators of natural genetics. This process will lead to a more environmentally adaptive population than the previous generation. The optimal individuals in the last population can be accepted as approximate optimal solutions after decoding. The genetic algorithm not only can solve the single objective optimal problem in a given region but also provide a perfect solution to some common multiconstraint and multiobjective optimization problems. Figure 8 is the flow chart of the improved genetic algorithm.
In formula (13), the cutting force and the cutting temperature are two objective functions of the optimization program of the genetic algorithm. For the convenience of description, three independent variables γ o , α o , and r ε in formula (13) are expressed with the variables x 1 , x 2 , and x 3 , and the dependent variablesF andT are expressed with f 1 and f 2 , respectively. Because the cutting force has the different dimension from the cutting temperature, so the objective functions of parameter optimization are separately expressed in formula (14) . Among these parameters, NIND directly affects the convergence or computational efficiency of genetic algorithms. Too small size will bring about the convergence to the local optimal solution, and a large number of individuals will result in lower computation speed. Population size is generally selected between 10 and 200 according to the actual situation. The number of individuals in this work is 25, so NIND = 25. There are three independent variables in the objective function; thus, NVAR = 3. To ensure optimization accuracy, each variable is represented by 20-bit binary encoding; that is, PRECI = 20. The size of the generation gap will affect the atavistic heredity of some excellent characteristics of individuals. The possibility of the destruction of the excellent mode in the population will increase if the generation gap is large, and the search will tend to randomize; too small generation gap will make more individuals directly copy to the next generation, and genetic search may fall into a stagnant state; in the optimization process, ensure that 10% of the most adaptable individuals in each generation will always be transferred to the next generation and 90% of the new individuals of each generation will be generated. Hence, the generation gap is determined as GGAP = 0.9.
After the above parameters have been determined, it is found that through running the program, the performance of the optimization result is best traced when the maximum genetic generation is 20. Therefore, MAXGEN = 20.
In the high-speed machining process, the main factor of tool wear is the high cutting temperature, and the influence of cutting force is relatively weak. So in multiobjective optimization, the different weight coefficients are used; i.e., the weights of f 1 and f 2 are taken as 0.3 and 0.7, respectively. After 20 iterations, the result is x 1 = 18.5, x 2 = 5.6, and x 3 = 0.02; that is, when the tool rake angle γ o = 18.5°, clearance angle α o = 5.6°, and cutting edge radius r ε = 0.02 mm, the optimal solutions of the cutting force and the temperature under the above weights are 582.76 N and 573.4°C, respectively. The performance tracking of the optimization program is shown in Figure 9 .
Experimental Verification of High-Speed Cutting Titanium Alloy
To verify the validity of the genetic algorithm optimization results, grooving experiments are conducted according to the same cutting conditions as the establishment of the mathematical model of cutting force and cutting temperature. The experimental devices are shown in Figures 10(a) and 10(b). Because there is no feed in the axial direction when grooving, so only two force components, namely, the main cutting force F c and the radial thrust force F r , are measured. Experimental details of the machine tools, thermometer, dynamometer, workpiece, and cutting tool are shown in Table 5 . The workpiece is the Ti6Al4V cylindrical bar, and its chemical compositions are listed in Table 6 . Figure 11 shows the waveforms of the cutting force and the distribution of cutting temperature field, respectively. It can be seen from Figure 11 that the main cutting force and the thrust force fluctuate periodically, which is related to the formation of saw-tooth chip in high-speed cutting of Ti6Al4V. From Figure 11(b) , we can see that during the cutting process, the current maximum temperature of the workpiece surface is 285°C.
The basic principle of the infrared thermograph uses Stefan-Boltzmann law, as presented in
where E is the radiation energy per unit area of the radiation unit of an object (W/m 2 ), ε is the radiation coefficient or the surface radiant rate of radiation unit (depending on the surface property of the object; for an absolute black body, ε = 1), σ is the Stefan-Boltzmann constant (σ = 5 76 × 10
, and T is the surface temperature (K) of the radiation unit.
The measured temperature with the infrared thermograph is a relative temperature, which lags behind the actual cutting temperature, but the temperature change law and dynamic distribution of the workpiece (or tool) can be obtained based on the heat transfer reverse calculation method.
Using the cutting edge grinder in the laboratory, the carbide cutting tool is ground to meet the requirement according to the optimal tool geometric parameters. Eight groups of repeated experiments are carried out under the same condition, and the experimental results are presented in Table 7 . It is found that the errors between the optimal results and the experimentally measured total cutting force and cutting temperature are quite small, and the average errors are about 3%. This proves the validity of the optimization results. Therefore, the optimized tool geometric parameter values are ideal, and the cutting force and the cutting temperature can be concurrently controlled to the minimum.
Discussion
Here, we investigate the optimization of cutting-tool's multi geometric parameters (three main tool geometric parameters including rake angle, clearance angle, and cutting edge radius) aiming at multiobjectives (two important physical quantities including cutting force and cutting temperature) in high-speed machining of Ti6Al4V. Therefore, (1) we study the influence laws of single parameter on single objective using finite element simulations first; (2) we combine them to establish the modified functional relations models between three tool geometric parameters and two objectives based on the response surface method (RSM); (3) the models are 10 Complexity solved using the genetic algorithm, and the optimal tool geometric parameter values that can concurrently control the two objectives in their minimum values are obtained. The results show that when the tool rake angle γ o = 18.5°, clearance angle α o = 5.6°, and cutting edge radius r ε = 0.02 mm, the optimal solutions of the cutting force and the cutting temperature are 582.76 N and 573.4°C, respectively. These optimal values can ensure both the cutting force and the cutting temperature are not too high. This is very beneficial to the reduction of tool wear. We conduct finite element simulations of high-speed machining of Ti6Al4V with 0°, 5°, 10°, 15°, and 20°tool rake angles, and the findings indicate that an increase of the tool rake angle from 10°to 15°leads to an obvious decrease of the cutting force, but the increase of the tool rake angle from 15 to 20°brings about small changes to the physical phenomenon (see Figure 5) , which is in accordance with the study of the orthogonal cutting of oxygen-free high conductivity copper (OFHC) by Lo [3] . To reach the goal of reducing the cutting force so as to extend tool life, it is recommended that a tool rake angle of 15°instead of 20°be adopted for cutting [3] , and the optimum rake angle is 12°in machining of AISI 1040 steel hardened at HRC 40 by considering the cutting force and temperature together [5] , which slightly differs from the optimal value γ o = 18.5°in this work. This is because we go beyond the single rake angle study of [3] and we integrate the cutting temperature into the physical phenomena occurring in the actual metal cutting process besides the cutting force. Furthermore, we study the different 11 Complexity geometric angles from [5] , and the workpiece materials are also different.
With respect to the study of the effect of clearance angle α o on cutting force and cutting temperature, so far, there is no literature available. The reason why our work involves this angle is that it is a crucial angle in metal cutting processes. If the clearance angle equals zero, then the cutting tool may squeeze the workpiece rather than the machining of workpiece.
Regarding the influence of cutting edge radius r ε on the cutting force in machining titanium alloy, the results show that the cutting force components increase with the increase of rounded cutting edges, which is in line with previous research [4] . And we also have found that total cutting force basically has a quadratic relation with r ε .
At a theoretical level, an important way of our work is that we study the comprehensive effects of tool geometric parameters on physical phenomena of the metal cutting process by means of establishing modified mathematical models according to the dependence of cutting force and cutting temperature on the three tool geometric parameters based on the existing response surface method (RSM) instead of simply using it. This may open the door to future studies aiming at the influence of more tool geometric parameters combining with cutting parameters (cutting speed, feed rate, and depth of cut) on multiphysical phenomena in metal cutting processes.
From an applied perspective, the optimal tool geometric parameter values acquired in our work can be used in the tool design and tool manufacturing for reducing tool wear. It is feasible because the values are verified valid by experiments with the carbide cutting tool, which is ground using a grinder in the laboratory to meet the requirement of the optimal tool geometric parameters values. Moreover, eight groups of repeated experiments are carried out under the same condition. It is found that the errors between the optimal results and the experimentally measured total cutting force and cutting temperature are quite small, and the average errors are about 3% (see Table 7 ).
Conclusions
The conclusions are as follows:
(1) The complex relations between multiparameters and multiobjectives can be studied by investigation of the influence laws of a single parameter on single objective using finite element simulations first and combine them to establish the modified functional relation models between multiparameters and multiobjectives based on the response surface method (RSM) 12 Complexity (2) Under considering the constraints, the modified functional relation models are solved using the genetic algorithm, and the results show that when the tool rake angle γ o = 18.5°, clearance angle α o = 5.6°, and cutting edge radius r ε = 0.02 mm, the optimal solutions of the cutting force and the cutting temperature are 582.76 N and 573.4°C, respectively. These optimal values can ensure both the cutting force and the cutting temperature are not too high. This is very beneficial to the reduction of tool wear (3) The validity of optimized tool geometric parameter values is verified by experiments, and the optimal results have a good agreement with the experimentally measured total cutting force and cutting temperature, and the average errors are about 3%, indicating that the optimization results are correct and the multiobjective optimization method of multitool geometric parameters in this work is feasible
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